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Challenges in natural product and pharmaceutical synthesis have
fueled the development of asymmetric homogeneous catalysis in
organometallic chemistry for decades.1 In particular, the synthesis
of enantioenriched quaternary stereocenters without stoichiometric
chiral reagents remains an active area of research.

Recently, we described a method for the preparation of quater-
nary stereocenters of high ee (Scheme 1)2 based on an enantiose-
lective version of the general Tsuji decarboxylative allylation.3a The
general allylation process involves oxidative addition to an enol
carbonate (e.g.,1) by a Pd(0) complex. The resulting allylated Pd-
(II) complex then reacts with ketone enolates with high regiochem-
ical fidelity to form enantioenrichedR-quaternary ketones (e.g.,2).

We reported a series of Pd catalysts that perform enantioselective
allylation to form quaternary stereocenters from unstabilized
prochiral enolates and non-prochiral allyl fragments.2 In general,
these 2-alkyl-2-allyl cyclohexanone products are distinct from the
majority of asymmetric allylic alkylation products. In contrast to
previous works,1c,3,4 this method has allowed the regiospecific
allylation of hard enolates derived from ketones having two or more
R-acidic sites. Furthermore, a variety of enolate precursors can be
employed in these reactions (i.e., enol carbonates, silyl-enol ethers,
andâ-ketoesters).

Using the (S)-t-Bu-phosphinooxazoline (PHOX) ligand,5 allylated
products form in high yields (80-99%) and enantiomeric excess
(79-92%) with a variety of hard enolates. These ee’s are reduced
to negligible levels when soft enolates are utilized. Solvent effects
do not seem to play a crucial role in the enantioselectivity of the
reaction.6 While this level of enantioselectivity is useful for many
applications, it would be valuable to achieve ee’s above 95%. Sub-
stantial efforts have not achieved this, prompting us to investigate
mechanistic details.7

The observation that the reaction gives consistent levels of
enantioselectivity regardless of the enolate precursor utilized to
generate a particular product2,8 suggested that these variants share
a common intermediate. We obtained an X-ray crystal structure
for a synthetic Pd(II)-allyl complex3‚PF6 and found that it is a
viable catalytic precursor to the enantioselective decarboxylative
allylation reaction.9 This suggested to us that the allylated complex
(3, Figure 1) is a likely intermediate in the reaction, and thus
3‚enolate (Scheme 2) is an intermediate as well.

Two unpublished experiments within our group suggested that
we consider just one Pd0(PHOX) complex in our investigation of
the mechanism: (1) experiments demonstrated a linear relationship
between the ee of the catalyst and the ee of the product; and (2)
simple kinetic studies showed that the reaction was first order in
Pd0(PHOX) and zero order in starting material. We used quantum
chemistry calculations to investigate possible mechanisms for the
reaction presented in Scheme 2 starting from intermediate3‚enolate.

All calculations11 we report in this study employ the B3LYP
hybrid flavor of density functional theory (DFT) that has been
established to provide the most accurate energetics of the common
methods using Jaguar version 6.5.15

The lowest energy conformer for intermediate3‚enolateis a five-
coordinate square pyramidal structure,4 (Figure 2). We found that
a multitude of external attack pathways lead to similar energetics,
and the two lowest in energy are6 (trans-P attack) and7 (trans-N
attack). Neither stereochemistry nor conformation of the allyl
fragment (endoor exo) has a significant effect on these barriers.

We also considered an inner-sphere mechanism that converts4
to the square planar intermediate8 via a trigonal bipyramidal
transition state5. We presumed that8 could then form products
through an internal C-C coupling mechanism.

Most interesting is that we find an inner-sphere mechanism that
is 2.6 kcal/mol lower than that for the external attack in the gas
phase and 1.6 kcal/mol lower in THF solvent (Figure 2).

A second interesting result is that reductive elimination can occur
from 8 to form theη-2-coordinated product,10, through a seven-
centered transition state (similar to the thermally facile Claisen
rearrangement),16 9, rather than the standard three-centered elimina-
tion analogue.17 9 is 7.0 kcal/mol lower than5 in the gas phase
and 2.5 kcal/mol lower in THF (Figure 2).
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Figure 1. 3‚PF6: X-ray crystal structure forπ-allyl complex3, with PF6

as the counterion.

Scheme 1. The Enantioselective Tsuji Allylation Reaction

Scheme 2. The Enantioselective Tsuji Allylation Mechanism
Studied in This Work10
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Overall, these results contradict previous asymmetric allylic
alkylation results involving soft enolate nucleophiles, prochiral allyl
fragments, and Pd(PHOX) complexes that have been determined
to proceed through external attack.3c,i,j Indeed, this mechanism ex-
plains how high ee’s can be obtained without prochiral allyl frag-
ments. These computational results constitute strong evidence of
an inner-sphere mechanism in the Tsuji allylation reaction and may
shed greater light on the details of similar inner-sphere processes
already reported in the literature, especially those involving allyl-
allyl type couplings.

Thus far, we have not satisfactorily identified the enantiodeter-
mining step of this reaction. Our current results suggest that a
concerted process forms products directly from4 to 10, but we
have not ruled out stepwise transition states5 and 9. Figure 3
summarizes our calculated data.
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Figure 2. Relevant internal coordinates (Å) and thermodynamic energies
of intermediates and transition states in this study. Some atoms from the
enolate and PHOX ligand are omitted from the figures for clarity.

Figure 3. Summary of energy pathway∆E + Esolv (solvent) THF) for
the enantioselective Tsuji allylation reaction.
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